Deoxyribonucleic acid (DNA) base composition and DNA base sequence relatedness comparisons were used for species delineation in the genus Kluyveromyces. Base composition values separated the members of the genus into three groups. The groups were further subdivided by comparing base sequences by using DNAIDNA renaturation experiments. Two DNA homology groups were identified. The first group included Kluyveromyces marxianus, Kluyveromyces fragilis, Kluyveromyces bulgaricus, Kluyveromyces cicerisporus, Kluyveromyces wikenii, and three anamorphs (Candida kefyr, Candida pseudotropicalis, and Torula cremoris); the members of this group exhibited 290 % DNA base sequence complementarity. The second group consisted of Kluyveromyces lactis, Kluyveromyces vanudenii, Kluyveromyces drosophilarum, and Kluyveromyces phaseolosporus; various pairs of these yeasts shared 64 to 98% of their DNA sequences. The two groups were only distantly related to each other (115% DNA base sequence complementarity) . The other Kluyveromyces species appear to be unique, not being closely related to either of the two homology groups or to one another. Relationships deduced from comparisons of DNAs agreed well with those deduced by other workers from immunological comparisons of exo-P-glucanases and from isoenzyme analysis but were only in partial agreement with a taxonomic arrangement made on the basis of mating studies. We propose recognition of the following species:
The species of the genus Kluyveromyces, characterized by their fragile asci and smooth spores ranging from spheroidal to bean or crescent shaped, are a diverse group in morphology, physiology, and ecology. The genus was originally defined on the basis of the multispored Kluyveromyces polysporus and Kluyveromyces africanus, which had been isolated from soil by van der Walt (34, 35) . Van der Walt (36) later amended the diagnosis of the genus to include organisms producing fewer spores, usually four per ascus. With this change, he transferred many former Saccharomyces species to the genus Kluyveromyces. Two main groups can be identified within the present genus. One includes organisms which have rather low nutritional versatility, which form either few or many spores per ascus, and which are isolated almost exclusively from soil (28, 39). The other group contains yeasts with higher nutritional versatility, which form few spores per ascus and occupy a variety of habitats. Common sources include trees, fruit flies, dairy products, and clinical material; one species, Kluyveromyces aestuarii, is a marine organism (9).
Previous studies on the systematics of the genus have made extensive use of both mating experiments and comparisons of informational macromolecules. So far, none of the less nutritionally versatile species have been found to mate (16) or to share a significant proportion of their deoxyribonucleic acid (DNA) sequences (23). Consequently, the taxononiic affinities in this group remain unknown. Among the nutritionally versatile organisms, however, many pairs of species have been shown to have substantial DNA base sequence relatedness, to hybridize genetically, or both. For ' Calculated from the average of at least three buoyant density determinations 2 standard deviation.
The dashed line shows the boundary between the K. lactis and K. marxianus DNA homology groups designated in Tables 3 and 4. C. pseudotropicalis (which had been considered the imperfect state of K. fragilis) and T. cretnoris are now synonyms of C. kefyr (26) . fThis is the type strain of K. veronae (Lodder et Kreger-van Rij) van der Walt, now a synonym of K. thermotolerans (39) . . e Used as a negative control; see 
MATERIALS AND METHODS
The yeasts used in this study are listed in Table 1 . We included at least one strain from each species recognized in the 1970 (37) or 1984 (39) classifications of the genus Kluyveromyces. For many species, we examined additional strains from sources geographically or ecologically different from that of the type strain. Also included were Candida kehr and two of its synonyms, Candida pseudotropicalis and Torula cremoris (26) . For clarity, we use the 1970 Kluyveromyces nomenclature (37) instead of the nomenclature of 1984 (39) .
Growth of cells and extraction and purification of yeast whole-cell DNA were done essentially as described by Price et al. (30) , up to and including the hydroxylapatite (HA) chromatography step. DNAs to be labeled with '*'I were further purified by banding in a cesium chloride gradient (30) . Other DNAs to be used in renaturation experiments were concentrated either by polyethylene glycol precipitation (15) or by electrophoresis in a concentrator (ISCO, Lincoln, Nebr.).
The guanine-plus-cytosine (G + C) content of yeast nuclear DNA was calculated from the buoyant density in cesium chloride, by using the equation of Schildkraut et al. (31) , as described earlier (30) . The reference DNA was from Micrococcus luteus (syn. "Micrococcus lysodeikticus' ') 2039 (International Collection of Phytopathogenic Bacteria, Department of Bacteriology, University of California, Davis); we determined (30) its buoyant density to be 1.7310.
For labeling with 1251, the CsCI-purified DNA was dialyzed for 48 h against 0.133 M ammonium acetate-0.053 M acetic acid (pH 5) and then denatured by heating in an ethylene glycol bath at 110°C. The iodination procedure of Commerford (4) was followed, except that '*'I in 0.1 N NaOH (50 pl) was incubated with 20 pl of 0.3 mM Na2S03 for 15 to 30 min at room temperature before being added to carrier iodide. Reaction mixtures (volume, 2.07 ml) contained about 200 pCi of I2'I, 180 to 200 pg of DNA, 2.4 x lop5 M KI, 1.4 x M TICI3, and 3 x lo-' M Na2S03, in 0.1 M ammonium acetate-0.04 M acetic acid, pH 5.
DNAs were sheared in a miniature French press as described earlier (30) , but at a pressure of 13,500 Ib/in2, to a molecular weight of approximately 300,000; radiolabeled DNAs were sheared at a concentration of about 70 pg/ml. Rapidly renaturing sequences were removed from the radioactive reference DNAs by HA chromatography (30) . Activity of the DNAs after this procedure was about 2 X 10' to 4 x lo5 cpm/pg. In subsequent analysis of DNA renaturation kinetics (30) , modified second-order rate plots (41) indicated that the various radiolabeled DNAs contained 0 to 4.2% repeated sequences.
Sequence complementarity was determined by renaturation in 0.28 M phosphate buffer (an equimolar mixture of monobasic and dibasic sodium phosphate, pH 6.8) at 25°C below the T, of native homologous DNA, as described in detail earlier (30) . Heterologous reannealing reactions were carried to Cot 100 instead of Cot 80 as used earlier (30), since 12SI-labeled DNA renatures somewhat more slowly than the 32P-labeled DNA used in the earlier work.
Reannealed DNA was separated from unreacted DNA by an HA batch procedure (2; as modified by Price et al. [30] ). Single-stranded DNA was eluted with 0.14 M phosphate buffer at 60°C (30); then, double-stranded DNA was eluted with two 0.4 M phosphate buffer washes, and the HA pellet was dissolved in 6 N HCI. Samples were counted in a Nuclear-Chicago Corp. (Des Plaines, Ill.) model 1185 gamma counter. Counting efficiency was about 84%. The data are presented as a percentage of actual binding to HA (experimentally determined) and as a percentage of relative binding (normalized to the homologous reaction) (30) .
RESULTS AND DISCUSSION
Relationships deduced from comparisons of DNAs. (i) DNA base composition. Yeasts which differ substantially in DNA base composition can be assumed to have very low DNA base sequence relatedness. When base composition values are determined by the buoyant density method, as they were in our study, yeast strains which differ by more than 1.0 to 1.5 mol% in G+C content may be expected to be different species (20) . The yeasts we studied fell into three principal groups of nuclear DNA base composition: 34.2 to 35.7 mol% G+C, 38.5 to 42.6% G+C, and 45.7 to 46.2% G+C ( Table 1) . The separations between groups were large enough to preclude any close relationships between organisms belonging to different groups. Thus, Kluyveromyces waltii and Kluyveromyces thermotolerans (syn. Kluyveromyces veronae), constituting the high-G+C group, are clearly distinct from the other species studied.
Among the four members of the low-G+C group, Kluyveromyces blattae had a G+C content 1.1% lower than any of the other yeasts. This base composition difference made it likely, but not certain, that K . blattae was distinct from the other species in this group. K . blattae is also ecologically unusual; it has been isolated from cockroaches (13) , whereas the other three species are found in soil (39) .
In the middle-G+C group, K . africanus was also sufficiently different (by 1.3% G+C) from the other yeasts that it is probably a distinct species. K . africanus (38. 5% G+C) and Kluyveromyces delphensis (40.2% G +C) were both considered similar to Kluyveromyces phafii, K . polysporus, and Kluyveromyces lodderi in the numerical classification of Poncet (28) . All have relatively low nutritional versatility, and all but K . delphensis are soil organisms. Our base composition data are generally consistent with Poncet's (28) conclusion that these five species constitute a natural subgroup within the genus; all five had relatively low G+C contents. However, our base composition values also show that K . africanus and K . delphensis are presumably distinct species (1.7% difference in G+C content) and that neither is closely related to K . phafii, K . lodderi, or K . polysporus.
Among the other members of the genus Kluyveromyces in the middle-G+C group, only K . aestuarii and Kluyveromyces wickerhamii are recognized as distinct species by van der Walt and Johannsen (16, 39) . The remaining 10 taxa have been combined by these authors into a single species, K . marxianus, with seven varieties. Although these 10 taxa showed relatively small differences in DNA base composition, it will be noted that strains of K . lactis, K . vanudenii, K . drosophilarum, and K . phaseolosporus had slightly lower G+C contents (39.9 to 40.8%) than strains of K . marxianus, K . fragilis (including its putative imperfect forms C. kefyr, C. pseudotropicalis, and T . cremoris), K . bulgaricus, K . cicerisporus, and K . wikenii (40.8 to 41.5%). K . dobzhanskii had a still higher G+C content (42.6%). Some of our base composition values differ from those reported by others who used the same yeast strains (10, 25, 29) . When G+C contents were determined from thermal denaturation profiles, substantial differences in base composition (25, 29) were sometimes found among strains which we found to have very high DNA base sequence relatedness (see below). The thermal denaturation method, however, can be markedly affected by DNA purity and by the presence of minor DNA species (20); this may explain the anomalous results. The buoyant density method is much less affected by either of these factors (20) . Except for a few strains of K . wickerhamii, our G+C contents agree well with those values that were determined by buoyant density by Martini et al. (25) .
(ii) DNA renaturation reactions. We used DNA base sequence comparisons to investigate relatedness among yeasts with similar DNA base compositions. Relationships in the low-G+C group were examined by using K . lodderi as the reference organism ( Table 2) . The two tested strains of K . lodderi were indistinguishable from each other but were only distantly related to the other members of the low-G+C group ( K . blattae, K . phafii, and K . polysporus) and to K . africanus. Martini and colleagues (23, 40a) have compared some of these same organisms, with similar results. In addition, they found very low (510%) DNA base sequence relatedness between K . phafii and K . polysporus and between each of these two species and K . blattae (23, 40a) . These findings, together with our data ( Table 2) , show that the four species of the low-G+C group are distinct.
In the middle-G+C group (38.5 to 42.6 mol%), DNA base sequence comparisons revealed two clusters, each containing closely related organisms. Five additional species appear not to be closely related to either cluster or to each other.
The first cluster contained all tested strains of K . marxianus, K . fragilis, K . bulgaricus, K . cicerisporus, and K . wikenii. All these organisms showed very high levels of relatedness (290%) to the type strain of K . marxianus ( Table 3 , experiments 1 and 2). In addition, the three putative imperfect forms of K . fragilis were virtually indistinguishable from the K . fragilis type strain ( Table 3 , experiment 3). By the criterion of DNA base sequence complementarity, these organisms should be placed in a single species ( K . marxianus, imperfect state C . kefyr) without subdivision into varieties.
The second cluster of closely related organisms consisted of K . lactis, K . vanudenii, K . drosophilarum, and K . phaseolosporus. This group was more heterogeneous than the K . marxianus cluster; its members exhibited 64 to 98% DNA base sequence complementarity to the type strain of K . lactis (Table 4 , experiments 1 and 2) and 64 to 86% complementarity to the type strain of K . drosophilarum (Table 4 , experiment 3). Yeasts with DNA base sequence relatedness values in the lower part of this range have sometimes been classified as varieties (14) , or even as separate species when they displayed many phenotypic differences (30) . However, it is difficult to divide the K . lactis DNA homology group. There was a spectrum of DNA relatedness levels, and no clear subgroups were identifiable. For example, the various strains of K . drosophilarum showed different degrees of similarity to the K . drosophilarum type strain (Table 4 , experiment 3); the diversity within K . drosophilarum may be caused in part by allopatry and habitat differences (27 ; Table 1 ). Further, three of the K . drosophilarum strains (78-13, 71-45, and 69-8) each showed about the same level of relatedness to the type strain of K . lactis as to that of K . drosophilarum (Table 4 , experiments 2 and 3). It therefore seems best to combine the members of this DNA homology group into a single species, K . lactis, recognizing the possible need to create varieties once the interstrain relationships have been further clarified.
Reciprocal reactions between DNAs from the K . marxianus and K . lactis type strains (Tables 3 and 4 ) always showed less than 15% complementarity. By this criterion, K . lactis and K . marxianus would be considered distinct species. K . dobzhanskii, too, is distinct from K . lactis. K . dobzhanskii showed only 13% DNA complementarity to the type strain of K . drosophilarum (Table 4, experiment 3) , which is closely related to the K . lactis type strain (Table 4 , experiments 1 and 3). Finally, Vaughan Martini and Martini have found that K . dobzhanskii and K . marxianus are also distinct (10% DNA relatedness [40a] ). Thus, among the 10 taxa combined by van der Walt and Johannsen (16, 39) into one species, DNA base sequence comparisons indicate three separate species: K . marxianus (a cohesive group), K . lactis (which may eventually require subdivision), and K . dobzhanskii. This grouping is also in accordance with our base composition data (see above and Table 1) .
K . wickerhamii is not closely related to any of these three species. We have shown it to be distinct from K . marxianus (Table 3 , experiment 2). The experiment presented in Table  5 further indicated that K . wickerhamii, although a somewhat heterogeneous species, was clearly different from both K . dobzhanskii and K . drosophilarum (a member of the K . lactis DNA homology group). This distinctness is significant because the type strains of K . wickerhamii, K . dobzhanskii, and K . drosophilarum all came from the same geographical area (Table 1 ). Yet their low DNA relatedness values suggest that they had been genetically isolated in nature.
The remaining members of the middle-G+C group-K. africanus, K . aestuarii, and K . delphensis-are probably unique species. None of them displays significant DNA base sequence relatedness to either K . marxianus or K . lactis (40a; see also Table 4 ), and base composition differences (Table 1) appear to preclude any close relationship to K . dobzhanskii or K . wickerhamii. Our base composition data also showed that K . africanus and K . delphensis presumably are different species (see above). Finally, the marine habitat of K . aestuarii (9) suggests that it is probably distinct from both the terrestrial species K . africanus and K . delphensis. Although DNA base sequence comparisons are needed for definitive proof, other data support this idea. Isoenzyme analysis has shown that K . aestuarii has many unique electromorphs, not found in any other Kluyveromyces species (32) . Further, the exo-P-glucanases of K . aestuarii and K . africanus are quite dissimilar immunologically (22 exo-P-glucanases from K. aestuarii and K . delphensis were not compared. Isoenzyme analysis and immunological comparisons of exo-P-glucanases almost invariably agree with DNA base sequence comparisons. The level of DNA base sequence relatedness between K. waftii and K. thermotoferans, the only members of the high-G+C group, has not been investigated. Isoenzyme analysis, however, suggests that they are distinct (33) .
Results of our DNA base sequence relatedness studies generally agreed with the results of Bicknell and Douglas (1) and with the extensive work of Martini and co-workers (23, 24, 40, 40a) . Organisms which these authors have found to be closely or distantly related showed corresponding levels of relatedness in our study. The main difference in the results was that distantly related yeasts yielded DNA complementarity values below 15% in our work, but values were occasionally as high as 30 to 40% in the studies cited above.
This probably resulted from procedural differences. Martini and colleagues monitored renaturation spectrophotometrically, whereas we used hydroxylapatite chromatography.
The renaturation experiments of Bicknell and Douglas were done on membrane filters rather than in solution (1).
Our results do not agree with those of Fiol and Poncet (lo), although their technique was similar to ours in many respects. These investigators found rather high levels of DNA base sequence relatedness (>60%) among all the Kluyveromyces species that they tested, including some which were found to be distantly related in all other DNA studies (1, 23, 24, 40a; and this paper), and one pair of species which differ by more than 5% in G+C content. The high DNA relatedness values of Fiol and Poncet are difficult to interpret, since their experiments did not include a negative control and the amount of rapidly renaturing sequences in the reference DNA was not reported.
Other taxonomic approaches in the genus Kluyveromyces.
We will consider only mating studies and comparisons of informational macromolecules. Vaughan Martini and Martini (submitted) have discussed these approaches and others, including numerical taxonomy and the comparative chemical composition of the cell wall.
(i) Immunological comparison of homologous proteins. Lachance and Phaff (22) used microcomplement fixation to compare exo-P-glucanases from the type strains of all the Kluyveromyces species included in our study, except K . blattae and K . waltii. This enzyme is not highly conserved in evolution (22) and so provides a level of taxonomic discrimination similar to that of DNA base sequence relatedness. In most cases, results from the two techniques were in excellent agreement. The exo-(3-glucanases from the five members of the K . marxianus DNA homology group were indistinguishable (immunological distance of -1 to +2). The four members of the K . lactis DNA homology group also had very similar enzymes, but there was more heterogeneity (immunological distance 15 to 27) within this group than in the K . marxianus group. The exo-P-glucanases of the K . marxianus and K . lactis groups were very dissimilar (immunological distance > 130) to each other, to the enzyme of K . dobzhanskii, and to the enzymes of all other species tested, with only one exception. K . delphensis was found to have an exo-P-glucanase very similar to those of the K . lactis yeasts, although K . delphensis and K . lactis showed very low DNA base sequence relatedness (Table 4 ). This was the only discrepancy observed between the two methods. Thus, these immunological comparisons, like our comparisons of DNA base sequence, indicate that K . lactis is distinct from K . marxianus, and that most other members of the genus, including K . dobzhanskii, are distinct from both of these species.
Confirmation of the unexpected similarity between the K . delphensis and K . lactis exo-P-glucanases would be useful. However, it still would not justify combining these two species, because several independent DNA relatedness studies (23, 40a; and this paper) have shown that their genomes are very dissimilar overall.
(ii) Mating studies. Johannsen and van der Walt (16, 17, 38) have tested for interfertility among the species of Kluyveromyces, in all possible pairwise combinations. Since all these organisms-except for some strains of K . lactis-are homothallic, it was not possible to do this by mixing opposite mating types. Therefore, those authors first isolated auxotrophic mutants in various species. They then mixed parental species which had different (induced) nutritional requirements and, if possible, different (naturally occurring) sugar assimilation abilities. They plated the mixed cells, after 4 weeks of growth, on media that selected against both parents.
The species groupings suggested by these forced matings were different from the groupings indicated by comparisons of DNA sequences and of exo-P-glucanases. Van der Walt and Johannsen found that the 10 taxa constituting the K . marxianus DNA homology group, the K . factis DNA homology group, and K . dobzhanskii were able to form hybrids. Recombinants were found consistently between all pairs of these 10 taxa, except in matings between K . phaseolosporus and either K . bulgaricus or K . wikenii; these produced recombinants in only about one-fourth of the attempted crosses. The authors also found that K . wickerhamii hybridized with K . dobzhanskii and with three of the four members of the K . lactis DNA homology group (K. phaseolosporus was the exception) but not with any members of the K . marxianus DNA homology group. Frequencies of recombinants ranged from to lo-' in different pairs of yeasts, but there was no apparent correlation between the recombination frequency and the level of DNA base sequence relatedness. On the basis of these results, van der Walt and Johannsen (16, 39) relegated all members of the K . marxianus and K . lactis DNA homology groups, as well as K . dobzhanskii, to varieties of K . marxianus (the oldest of these taxa). K . wickerhamii was retained as a separate species, apparently because it did not hybridize with K . marxianus.
The fertility of these hybrids is a crucial issue, because only fertile hybrids can effect gene flow between the parental species. Ideally, the hybrids would be shown to produce progeny in matings among themselves and in backcrosses to their parents; see for example Kurtzman et al. (21) . Van der Walt and Johannsen (16, 17, 38) did not report backcrossing of any of their hybrids to the parental species. Further, in only two instances did they report (38) that two F1 hybrids obtained by crossing members of different DNA homology groups ( K . marxianus x K . lactis) were able to mate among themselves and give rise to viable F2 progeny. Since these F1 hybrids were supplied with only one new auxotrophic marker each and there was no difference in sugar assimilation pattern, it is difficult to exclude the possibility that prototrophic progeny arose by back mutation. A less rigorous test of fertility is to show that the hybrids produce viable spores; this indicates successful completion of meiosis (a 377 common site of fertility blocks). Van der Walt and Johannsen did report that some of their hybrids produced viable spores (38) . Evidence for spore viability would be stronger, however, if quantitative data had been presented for all crosses rather than just a few and if spores had been isolated by micromanipulation (as was done by Kurtzman et al. [21] ) rather than by methods which may not have eliminated the vegetative cells. Douglas et al. reported that a K . fragilis x K . dobzhanskii hybrid produced only nonviable spores (8) .
No other pairs of Kluyveromyces species were able to hybridize consistently. Van der Walt and Johannsen did report rare hybrids between K . thermotolerans and K . marxianus (17) and occasional hybrids between K . waltii and K . drosophilarum (16) , but they retained both K . thermotolerans and K . waltii as distinct species (16, 39) . From the cross K . thermotolerans x K . marxianus, eight spores were isolated by micromanipulation, of which four proved to be viable (38) . The progeny from this cross may have been aneuploids rather than true hybrids; the DNA base composition of the one hybrid we tested was much closer to that of K . marxianus than to that of K . thermotolerans (Table 1) .
(iii) Electrophoretic enzyme variation. Sidenberg and Lachance (32, 33) have published two studies of isoenzyme variation in Kluyveromyces. The first study included the type strains of all Kluyveromyces species (32) . The second study used numerous isolates of K . marxianus, K . fragilis, K . cicerisporus, K . lactis, K . vanudenii, K . drosophilarum, K . dobzhanskii, K . thermotolerans, and K . waltii (33) . Statistical analyses were used to group strains and species that displayed similar isoenzyme patterns. In both studies, all members of the K . marxianus DNA homology group occupied one cluster, whereas the members of the K . lactis homology group constituted a second, distinct cluster. The other species studied, including K . dobzhanskii, were separated from both clusters.
As Sidenberg and Lachance pointed out, their 1986 study (33) is significant because of the geographical sources of the isolates. All strains of K . marxianus, K . fragilis, K . cicerisporus, and K . lactis were from Camembert cheese in France. The isolates of K . vanudenii, K . drosophilarum, and K . dobzhanskii were all from trees and Drosophila species in Ontario, Canada. If these yeasts were undergoing gene exchange in nature, one would expect to find the greatest resemblances among strains from the same geographical area. Yet the K . lactis isolates from France were more similar to the Canadian isolates of K . vanudenii and K . drosophilarum than they were to the French isolates of members of the K . marxianus DNA homology group. Further, the Canadian strains of K . vanudenii and K . drosophilarum were clearly distinct from the Canadian strains of K . dobzhanskii. This suggests that, in nature, gene exchange among K . lactis, K . marxianus, and K . dobzhanskii is restricted or nonexistent.
Proposed delimitation of species. Both mating studies (16, 17, 38) and comparisons of informational macromolecules (1, 22-24, 32,33,40a ; and this study) indicate that K . blattae, K . lodderi, K . phafii, K . polysporus, K . africanus, and K . delphensis (and very likely K . aestuarii, K . thermotolerans, and K . waltii) are unique species. All of them should be retained. Taxonomic disposition of K . marxianus, K . lactis, K . dobzhanskii, and K . wickerhamii depends on the interpretation given to the mating studies in relation to the molecular comparisons.
Virtually all the molecular studies we have discussedincluding immunological comparisons of homologous pro-teins, isoenzyme analyses, and DNA base sequence comparisons-indicate that the K . marxianus DNA homology group, the K . lactis DNA homology group, and K . dobzhanskii are three distinct entities. In all these molecular methods, similarity between organisms ultimately reflects similarity of their DNA base sequences, caused by either ongoing genetic exchange in nature or recent descent from a common ancestor. We therefore believe that any biologically valid classification of these organisms must reflect the molecular findings. These yeasts should accordingly be divided into three taxa. It then becomes a matter of opinion whether K . marxianus, K . lactis, and K . dobzhanskii should be considered three varieties within one species, or three separate species.
Based on the magnitude of their molecular differences, we feel that these yeasts should be classified as distinct species. Van der Walt and Johannsen combined these organisms into one species based on their ability to hybridize in the laboratory (16, 39) . We believe, however, that the molecular differences are prima facie evidence that effective gene exchange does not occur among them in nature. For the same reason, molecular differences argue that K . wickerhamii should remain a distinct species even though it hybridizes with K . lactis and K . dobzhanskii in the laboratory. Even when representatives of K . marxianus, K . lactis, K . dobzhanskii, and K . wickerhamii occurred in the same geographical area, they showed clear isoenzyme differences (33) and had very dissimilar DNA base sequences (Table 5 ). This indicates that these four species are reproductively isolated in nature, and that each of them fits Dobzhansky's (6) definition of biological species: Mendelian populations, or arrays of populations, which are reproductively isolated from other population arrays.
Various reproductive isolating mechanisms (5, 7, 12) may prevent gene exchange among these Kluyveromyces species in nature, even though they can hybridize in the laboratory. For example, some of the yeasts may occupy distinct ecological microniches, such as the feeding sites of different species of the genus Drosophila (3). Additional possibilities are that the hybrids do not survive in nature or (since their fertility is not proven) that they are unable to mate among themselves or with their parents.
On the basis of the above reasoning, we propose recognition of the following species: K . marxianus (syn. K . bulgaricus, K . cicerisporus, K. fragilis, and K . wikenii); K . lactis (syn. K . drosophilarum, K . phaseolosporus, and K . vanudenii); K . dobzhanskii; and K . wickerhamii. The phenotypic key of Sidenberg and Lachance (33) allows practical identification of the proposed taxa and of the other Kluyveromyces species we studied.
The proposed new combinations K . marxianus and K . lactis become variable for several phenotypic characters, including lactose utilization and spore shape (spheroidal to reniform). It is unusual for spoi-e shape to vary within a yeast species, but a few other cases are known: Pichia membranaefaciens (18) , Pichia ohmeri (18) , and Saccharomycopsis lipolytica (44) (syn. Candida lipolytica). With P . ohmeri, we have shown that strains which mate to produce either round or hat-shaped spores are virtually identical in DNA base sequence (11) . This should not, perhaps, be surprising since the genetic basis of spore shape is not known and this character might be controlled by only one or a few genes. The variable lactose utilization in K . marxianus and K . lactis sensu lato is correlated with habitat differences (33, 37) . Lactose-positive strains of both species have most often been isolated from dairy products and mammals, whereas lactose-negative strains are often found in trees and fruit flies. Both lactose-positive and lactose-negative strains have been found occasionally in beer-or wine-related sources.
Interspecific relationships within the genus. The ability of K . marxianus, K . lactis, K . dobzhanskii, and K . wickerhamii to mate in the laboratory suggests that they are closely related species, and this is confirmed by the very high similarity of their 25s ribosomal RNA sequences (1). Less is known about the other species of the genus, whose inability to mate does not necessarily indicate a lack of close relationships; it could have several explanations unrelated to the degree of genome similarity (16, 20) . Only two other Kluyveromyces species were included in the ribosomal ribonucleic acid study (1): K . delphensis, one of the less nutritionally versatile species, and K . thermotolerans, a member of the high-G+C group. These two organisms were no more closely related to K . lactis than Saccharomyces cerevisiae was, indicating that there is at least a moderate amount of diversity within Kluyveromyces. Another index of diversity in yeast genera is the structure of coenzyme Q, which is quite stable in evolution. K . lactis, K . marxianus, K . thermotolerans, and K . lodderi all possess the Q-6 form of the coenzyme (45; Y. Yamada, personal communication), but other members of Kluyveromyces apparently have not been examined.
A comparison of all the species of Kluyveromyces, using either ribosomal ribonucleic acid or an evolutionarily conserved protein, could address several important questions. One is the degree of relatedness among the less nutritionally versatile species. Another is whether the less versatile organisms (which include the type species of the genus, K . polysporus) are closely related to the species with higher versatility, including K . lactis, K . marxianus, K . dobzhanskii, and K . wickerhamii. Such a study could also clarify the taxonomic position of the two species with high G+C content and of K . aestuarii, with its unique habitat and unusual isoenzyme pattern. We hope that our elucidation of the close relationships within Kluyveromyces will provide a starting point for study of these more distant affinities.
